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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  A  proof-of-concept  study  for  using 
ionic  liquid-produced  Ti02  nano¬ 
tubes  (ILNTs)  as  a  novel  anode. 

►  ILNTs  contain  much  less  micro- 
structural  defects  than  NTs  grown  in 
conventional  organic  solutions. 

►  ILNTs  demonstrated  excellent 
capacity  retention  w/o  microstruc- 
tural  damage  for  near  1200  cycles. 

►  In  contrast,  conventional  Ti02  NTs 
pulverized  in  cycling,  resulting  in 
significant  capacity  fade. 
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Ti02  nanotubes  (NTs)  are  considered  as  a  potential  SEI-free  anode  material  for  Li-ion  batteries  to  offer 
enhanced  safety.  Organic  solutions,  dominatingly  ethylene  glycol  (EG)-based,  have  widely  been  used  for 
synthesizing  Ti02  NTs  via  anodization  because  of  their  ability  to  generate  long  tubes  and  well-aligned 
structures.  However,  it  has  been  revealed  that  the  EG-produced  NTs  are  composited  with  carbona¬ 
ceous  decomposition  products  of  EG,  release  of  which  during  the  tube  crystallization  process  inevitably 
causes  nano-scale  porosity  and  cracks.  These  microstructural  defects  significantly  deteriorate  the  NTs’ 
charge  transport  efficiency  and  mechanical  strength/toughness.  Here  we  report  using  ionic  liquids  (ILs) 
to  anodize  titanium  to  grow  low-defect  Ti02  NTs  by  reducing  the  electrolyte  decomposition  rate  (less  IR 
drop  due  to  higher  electrical  conductivity)  as  well  as  the  chance  of  the  decomposition  products  mixing 
into  the  Ti02  matrix  (organic  cations  repelled  away).  Promising  electrochemical  results  have  been  ach¬ 
ieved  when  using  the  IL-produced  Ti02  NTs  as  an  anode  for  Li-ion  batteries.  The  ILNTs  demonstrated 
excellent  capacity  retention  without  microstructural  damage  for  nearly  1200  cycles  of  charge— discharge, 
while  the  NTs  grown  in  a  conventional  EG  solution  totally  pulverized  in  cycling,  resulting  in  significant 
capacity  fade. 
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1.  Introduction 

Ti02  is  of  great  interest  as  a  promising  anode  material  for  Li-ion 
batteries  because  it  offers  enhanced  safety,  low  self-discharge,  and 
good  capacity  retention  on  cycling  [1—3].  Because  of  its  high 
operation  potential  (varying  between  1.45  and  1.80  V  for  different 
phases)  vs.  Li+/Li,  the  electrode  avoids  formation  of  an  unstable 
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solid-electrolyte  interface  (SEI)  on  the  electrode  surface  and  thus 
eliminates  the  risk  of  short  circuit  caused  by  dendrites  formed  in 
overcharging  [4,5].  The  SEI-free  interface  also  allows  rapid  charging 
and  power  release.  In  addition,  the  small  volume  change  (<4%)  of 
Ti02  under  Li+  insertion  provides  high  structural  stability  and 
potentially  good  cycling  life  [1,6].  According  to  the  literature, 
various  nanostructures  (nanoparticle,  nanowire,  nanorod,  and 
nanotube)  and  different  crystalline  phases  (rutile,  anatase,  Ti02-B, 
Ti02-R)  of  Ti02  are  under  exploration  [7-12].  Among  them,  anodic 
self-aligned  Ti02  nanotube  arrays  (NTs)  mitigate  the  rate-limiting 
effects  of  sluggish  electron  kinetics  and  mass  transport,  taking 
advantage  of  the  large  surface  area,  short  diffusion  lengths,  and 
orthogonal  electron  transport  paths  [13,14]. 

In  the  anodizing  process,  the  chemical  content  of  the  elec¬ 
trolyte  plays  a  critical  role  in  tube  morphology,  chemical 
composition,  and  crystalline  phase  [15,16].  The  most  widely  used 
electrolytes  are  ethylene  glycol  (EG)-based,  e.g.,  EG  containing 
NH4F  and  H20,  because  of  their  ability  to  produce  long  tubes  with 
uniform  diameters  and  smooth  tube  walls  [17,18].  However,  the 
low-conductivity  EG  takes  a  large  IR  drop  during  the  anodization 
process  and  thus  decomposes  rapidly.  The  carbonaceous 
decomposition  products  are  then  composited  into  the  Ti02 
matrix  during  the  NTs’  growth.  The  followed  crystallization 
process  (annealing)  releases  the  contaminants  to  inevitably  cause 
nano-scale  porosity  and  cracks,  and  sometimes  tube  wall  sepa¬ 
ration  [19,20].  These  defects  are  expected  to  deteriorate  the 
charge  transport  efficiency  and  mechanical  strength/toughness  of 
the  NTs.  To  overcome  these  problems,  we  recently  used  an  ionic 
liquid  (IL),  l-butyl-3-methylimidazolium  tetrafluoroborate 
(BMIM-BF4),  as  the  electrolyte  to  fabricate  TiCb  NTs  (ILNTs)  that 
have  demonstrated  less  microstructural  defects  and  superior 


photocatalytic  efficiency  in  water  splitting  [21].  First,  the  high- 
conductivity  IL  has  a  small  IR  drop  during  anodization  resulting 
in  a  slow  decomposition.  Second,  the  organic  cations  usually 
decompose  before  the  inorganic  anions,  but  in  anodization  the 
cations  are  repelled  from  the  NTs  that  are  under  a  high  positive 
potential.  This  prevents  the  ILNTs  from  compositing  with  the 
decomposition  products  if  any. 

In  this  study,  we  investigated  the  electrochemical  behavior  of 
ILNTs  as  a  candidate  anode  for  the  Li-ion  battery  application  and 
report  promising  testing  results.  The  ILNTs  demonstrated  excellent 
capacity  retention  and  intact  structure  after  nearly  1200 
charge-discharge  cycles.  In  contrast,  the  NTs  produced  in  an  EG- 
NH4F  solution  (AFNTs)  largely  pulverized  during  cycling,  resulting 
in  rapid  capacity  fade. 

2.  Experimental 

The  Ti02  NTs  were  produced  following  the  procedure  described 
in  our  previous  work  [21].  In  brief,  titanium  foils  (125  pm,  99.7%, 
Sigma)  were  anodized  against  a  platinum  counter  electrode  using 
a  two-electrode  configuration.  The  IL-based  electrolyte  contains 
98  wt  %  BMIM-BF4  (>97.0%,  Sigma)  and  2  wt.  %  water.  The  baseline 
organic  electrolyte  is  composed  of  0.3  wt  %  NH4F,  2  wt  %  H20,  and 
the  balance  EG.  All  anodizing  syntheses  were  conducted  using  a  DC 
power  supply  (E3649A,  Agilent)  under  a  constant  potential  of  50  V 
for  17  h.  All  tubes  were  crystallized  using  furnace-annealing  at 
450  °C  in  air  for  3  h  with  a  temperature  ramp  rate  of  1  °C  min-1  and 
furnace  cooling.  Our  previous  work  [21]  revealed  that  both  ILNTs 
and  AFNTs  are  dominated  by  anatase. 

The  anode  performance  of  the  Ti02  NTs  was  evaluated  using 
a  two-electrode  coin-type  half-cell  (size  CR2032,  Hohsen  Corp., 


Fig.  1.  Top  morphology  of  (a)  ILNTs  and  (b)  AFNTs  and  high-magnification  cross-section  of  (c)  ILNTs  and  (d)  AFNTs.  Insets  in  (a)  and  (b):  high-magnification  top  views.  Insets  in  (c) 
and  (d):  low-magnification  side  views  showing  tube  lengths. 
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Japan)  with  a  polypropylene  membrane  separator  (type  2325, 
Celgard,  Inc.,  USA).  Lithium  foils  (purity  99.9%,  Alfa  Aesar)  were 
used  as  the  counter  and  reference  electrodes.  The  electrolyte 
solution  was  1.2  M  LiPFg  in  a  1 :2  mixture  of  ethylene  carbonate  and 
dimethyl  carbonate  by  weight  (Novolyte  Technologies,  USA).  Cells 
were  assembled  in  a  glove  box  filled  with  high-purity  argon.  After 
assembly,  the  cells  were  stored  at  room  temperature  for  12  h  to 
ensure  complete  impregnation  of  the  electrolyte  into  the  electrodes 
and  separators.  Galvanostatic  charge-discharge  cycling  was  con¬ 
ducted  in  a  potential  range  of  1.0-2.5  V  using  a  constant  current 
charge-discharge  protocol  at  rates  varying  from  C/10  (i.e.,  10  h  for 
a  full  charge)  to  10  C  (i.e.,  0.1  h  for  a  full  charge)  using  a  multi¬ 
channel  battery  tester  (Maccor,  Inc.,  model  4000).  Cyclic  voltam¬ 
metry  (CV)  measurements,  in  a  three-electrode  half-cell,  were 
carried  out  using  Solartron  1470E  and  1455  (Solartron  Analytical 
Ltd.,  UK)  at  a  scan  rate  100  pV  s-1  between  3.0  and  1.0  V.  Several  full 
sweeps  were  measured  to  establish  stable  performance.  In  pre¬ 
senting  the  electrochemical  results,  current  and  capacity  were 
normalized  by  the  NTs’  mass.  The  NTs  were  examined  using  field 
emission  scanning  electron  microscopy  (Hitachi  FE-SEM  S4800) 
and  aberration-corrected  transmission  electron  microscopy  (FEI 
Titan  S  80-300  TEM/STEM). 

3.  Results  and  discussion 

Fig.  1  compares  the  top  and  cross-sectional  morphology  of 
ILNTs  and  AFNTs.  The  ILNTs  have  a  much  larger  tube  diameter 
(OD:  300-400  nm)  but  a  slightly  shorter  tube  length  (L:  ~8  pm) 
compared  to  the  AFNTs  (OD:  160—200  nm  and  L:  —9  pm). 
Similar  to  our  previous  report  [21],  the  AFNTs’  top  surface  is 
covered  by  a  nanoporous  debris  layer  (Fig.  lb),  and  the  tube 
walls  show  nanoscale  porosity  and  cracking  (Fig.  Id)  (due  to  the 
release  of  carbonaceous  contaminants  in  annealing).  In  contrast, 
the  ILNTs’s  top  surface  is  free  of  a  debris  layer  (Fig.  la),  and  no 
microstructural  defects  are  observed  in  the  tube  walls  (Fig.  lc). 
The  mass  per  unit  area  was  estimated  to  be  13.0  and 
33.8  mg  cm-2  for  the  ILNTs  and  AFNTs,  respectively,  based  on 
geometric  parameters. 

We  first  investigated  the  electrochemical  behavior  by 
comparing  the  CV  curves  of  the  ILNTs  and  AFNTs  (see  Fig.  2).  In  the 
first  scan,  the  AFNTs  showed  two  additional  small  plateaus 
compared  to  the  ILNTs.  The  plateaus  possibly  reflect  the  residual 
contaminants  and/or  microstructural  defects  in  the  AFNTs.  Both 
samples  after  the  first  scan  showed  well-defined  redox  peaks  at 
1.70-1.74  V  and  2.05-2.07  V  during  cathodic  and  anodic  sweeps, 
respectively,  that  are  characteristics  of  Li+  intercalation 
(Ti4+  ji3+)  anci  deintercalation  (Ti3+  -►  Ti4+)  in  anatase  [22,23]. 


Fig.  3a  and  b  show  the  charge— discharge  profiles  at  different 
rates  for  ILNTs  and  AFNTs,  respectively.  The  discharge  potential 
plateau  between  1.70  and  1.78  V  corresponds  to  Li-ion  insertion, 
consistent  with  the  previous  reports  [8,13]  of  anatase  Ti02  as  the 
starting  electroactive  material.  The  charge  capacities  of 
the  ILNTs  were  146,  125,  100,  79,  39,  and  35  mAh  g-1  at  the 
rates  of  0.1,  0.2,  0.5,  1,  5,  and  10  C,  respectively.  In  comparison, 
the  charge  capacities  of  the  AFNTs  were  107,  63,  56,  50,  42, 
and  34  mAh  g1  at  the  rates  of  0.1,  0.2,  0.5,  1,  2,  and  5  C, 
respectively. 

The  galvanostatic  cycling  performance  of  the  AFNTs  and 
ILNTs  at  different  current  rates  for  the  initial  100  cycles  is 
plotted  in  Fig.  3c.  The  AFNTs’  capacity  decreased  quickly  at  the 
beginning  of  cycling  at  C/10  (30%  capacity  loss  from  the  second 
to  the  eleventh  cycle)  and  became  relatively  stable  between  12 
and  100  cycles.  The  dramatic  decrease  during  the  first  several 
cycles  is  possibly  due  to  side  reactions  with  the  physical 
adsorbed  water  molecules  in  the  Ti02  nanotubes.  Consequently, 
the  side  reaction  may  artificially  increase  the  capacity,  but  the 
effect  will  be  eliminated  after  the  consumption  of  the  residual 
water  during  the  subsequent  cycling  [24,25].  The  ILNTs  also 
showed  capacity  reduction  during  the  first  4  cycles  but  soon 
stabilized  after  that.  This  suggests  less  water  adsorbed  on  the 
ILNTs  probably  because  of  less  porosity  and  cracks  (see  Fig.  lc). 

Fig.  3d  shows  the  cycling  behavior  after  the  first  100  cycles 
until  the  end  of  the  tests  (nearly  1200  cycles).  The  AFNTs  were 
cycled  at  5  C  and  the  ILNTs  at  10  C.  It  can  be  clearly  seen  that  the 
cycling  performance  of  the  ILNTs  at  10  C  was  better  than  that  of 
the  AFNTs  at  5  C,  indicating  higher-efficiency  solid  state  diffusion 
of  Li-ion  in  the  ILNTs.  The  capacity  of  the  AFNT  electrode 
consistently  declined  after  380  cycles,  causing  an  additional  35% 
capacity  loss  by  the  end  of  cycling.  In  contrast,  the  ILNT  electrode 
well  retained  its  capacity  with  literally  no  capacity  loss  between 
100  and  1200  cycles,  suggesting  an  excellent  long-term  cycling 
life.  This  has  been  confirmed  by  the  morphology  examination. 
The  morphology  of  the  ILNT  and  AFNT  electrodes  after  nearly 
1200  charge— discharge  cycles  is  shown  in  Fig.  4.  The  AFNTs  were 
totally  destroyed  with  most  of  the  tubes  pulverized  and  only  few 
tube  roots  left  on  the  surface  (Fig.  4b).  This  is  because  the  already 
defected  AFNTs  prior  to  the  test  (Fig.  Id)  could  not  sustain  the 
fatigue-type  lattice  strains  induced  by  Li-ion  insertion  and 
extraction  in  cycling.  Encouragingly,  the  ILNTs  were  intact  after 
the  nearly  1200  cycles  of  charge  and  discharge  (comparing  Fig.  4a 
with  Fig.  la),  reflected  by  their  superior  capacity  retention  show 
in  Fig.  3d.  Fig.  4c  shows  a  transmission  electron  microscope 
image  and  electron  diffraction  pattern  of  the  ILNTs  after  cycling. 
The  three  major  diffraction  rings  correspond  to  anatase  101,  004, 


Fig.  2.  Cyclic  voltammetry  curves  of  (a)  ILNTs  and  (b)  AFNTs  at  a  scan  rate  of  100  (xV  s  \ 
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Fig.  3.  Charge-discharge  profiles  at  various  rates  for  (a)  ILNTs  and  (c)  AFNTs;  capacity  retention  at  various  charge  rates  for  (c)  initial  100  cycles  and  (d)  100-1200  cycles. 


Fig.  4.  Morphology  of  (a)  ILNTs  and  (b)  AFNTs  after  nearly  1200  charge-discharge  cycles  (insets  show  high-magnification  top  views);  (c)  Transmission  electron  microscope  image 
(left)  and  electron  diffraction  pattern  of  ILNTs  after  cycling. 
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and  200,  which  indicate  no  major  phase  transformation 
(remaining  anatase-dominant)  after  the  large  number  of  cycles  of 
Li-ion  insertion  and  extraction. 


4.  Conclusion 

IL-produced  Ti02  NTs  have  demonstrated  excellent  anode 
characteristics  in  electrochemical  evaluations  for  the  Li-ion  battery 
application.  Unlike  AFNTs  experienced  linear  capacity  fade  after 
380  cycles  and  totally  pulverized  after  the  cycling  test,  ILNTs 
retained  the  capacity  very  well  for  nearly  1200  cycles  without 
noticeable  material  damage.  The  superior  cyclability  of  ILNTs  is 
attributed  to  their  low  microstructural  defects,  as  a  result  of  using 
the  high-conductivity  IL  as  the  anodization  electrolyte  in  the  NTs 
synthesis. 
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